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Synergy  of  IL-1  and  Stem  Cell  Factor  in  Radioprotection  of 
Mice  Is  Associated  with  IL-1  Up-Regulation  of  mRNA  and 
Protein  Expression  for  c~kit  on  Bone  Marrow  Cells^ 

Ruth  Neta,^*  loost  j.  Oppenhehn/  |i•Ming  Wang,*  CHfford  M.  Snapper,* 

Mark  A.  Moorman,*  and  Claire  M.  Dubob* 

•f'nMHmrni  («  t  tpprimpntji  HEmatolo)(\.  Armfd  fofCEi  Radtobtolonv  RMEErch  institute.  Belhesda,  MD  20889; 

'l  ot  Witfnular  Immunorefiuljiion.  NatHXMl  Cjncet  Institute,  fiedenck.  MD  21702.  'Department  o<  Patholoits. 

l  nitii'rnni  Sc’v'ir^  I  niversits  tor  Mejilh  ScierKes.  Dethesd*.  MD  20889.  and  'Liniversity  oi  Sherbrooke.  Sherbrooke. 
Ourtm  (  anada 

Administration  ot  IL-1  and  stem  cell  tactcK  (SCFi  fo  mice  18  h  before  lethal  “Co  whole-body  irradiation  resulted 
in  ssnetKistic  radiopiotection.  as  eviderKed  by  iiKrc  Mcd  numbers  of  mice  surviying  1 .200  to  1 ,300  cCy  doses  of 
radiation  and  the  recovers  ot  irKreased  numbers  of  c-f»'C  bone  marrow  cells  at  1  and  4  days  after  the  lethal  dose 
ot  930  (G'<  Anti-SCf  Ah  inhibited  IL-l  -irrduced  radioprolection,  indicating  that  erxlogenous  production  of  SCF  is 
netessarv  lor  tadioproiection  bv  II -1  Conversely,  radioprotection  induced  by  SCF  was  reduced  by  anti-IL-IR  Ab, 
indic  .iiini;  ihji  fiutouenous  11  1  contributes  to  SCF  radtoprotection.  SCF,  unlike  IL-1,  tioes  not  induce  hemopoietic 
CSFs  and  IL  -n  o'  pene  expression  ot  a  scavertgirtg  mitochondrial  enzyme  manganese  superoxide  dismutase  in  the 
Ixine  marrovs .  suppesting  that  SCF  and  IL-1  radioprotect  by  distinct  pathways.  The  mRNA  expression  for  c-kit  Iby 
Northern  biol  anaivsisi  and  '  •'''i•SCF  binding  on  bone  marrow  cells  was  elevated  within  2  and  4  h  of  IL-1  admin¬ 
istration  respectiveh  Four  das  >  after  LD  100/30  radiation  the  recovery  of  c-kiC  bone  marrow  cells  was  increased 
sixiold  in  IL-1  -treated  mice  almost  20-fold  in  SCF-treated  mice,  and  40-fold  in  mice  treated  with  the  combination 
ot  the  two  cvlokines  Thus,  endogenous  production  of  both  IL-1  and  SCF  is  required  lor  resistance  to  lethal 
irradiation  and  the  svnergistic  radioprotective  effect  of  the  two  cytokines  may,  in  part,  depend  on  IL-1  and  SCF- 
mduted  increases  in  numbers  of  c-kit*  hemopoietic  stem  and  progenitors  cells  that  survive  lethal  irradiation^ 
Tht-  lournjl  ot  Immunology,  1994,  153;  1536.  (T 


Death  from  LD  100/3(1  of  ionizing  radiation  can  be 
prevented  by  a  supply  of  undamaged  bone  mar¬ 
row  cells  and  has  therefore  been  attributed  to  a 
lethal  hemopoietic  syndrome  (1).  The  death  of  animals 
receiving  LD  l(K)'3()  doses  of  radiation  can  also  be  pre¬ 
vented  by  administration  of  immunomodulatory  agents  or 
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1994 
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proinflammatory  cytokines  before  irradiation,  with  subse¬ 
quent  recovery  of  the  hemopoietic  system  (2-5).  We  have 
demonstrated  that,  in  the  case  of  immunomodulatory  LPS, 
the  radioprotective  ebect  is  mediated  by  endogenous'y 
produced  proinflammatory  cytokines,  IL-1  and  TNF,  be¬ 
cause  Abs  to  these  cytokines  block  LPS-induced  radiopro¬ 
tection  (6).  Radioprotection  with  IL-1  and  TNF  in  turn 
could  also  be  blocked  by  anti-IL-6  Ab  as  well  as  by  anti- 
TNF  and  anti-IL-lR  Abs  (6,  7),  providing  evidence  that 
obligatory  interaction  of  these  three  endogenously  pro¬ 
duced  cytokines  is  required  for  protection  by  IL-1  nr  TNF 
from  lethal  hemopoietic  syndrome. 

Recently,  a  receptor  for  hemopoietic  cytokine  (c-kii) 
and  its  ligand  (SCF)^  have  been  identified  and  cloned  (8, 
9).  Numerous  studies  determined  that  SCF  synergizes  with 


*  Abbreviations  used  in  this  paper.  SCF.  kif  ligand:  BMC,  bone  marrow  cells; 
G-CSF.  granulocyte  CSF.  GM^CSF.  granulocyte-macrophaRe  CSF:  MnSOD, 
manganese  superoxide  dismutase.  PE.  phycoeryihrin 
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hemopoietic  cytokines  (IL-1.  IL'3.  GM-CSF.  G-CSF.  and 
IL-6)  to  stimulate  the  growth  of  hemopoietic  progenitor 
cells  in  vitro  and  stimulates  hemopoiesis  in  vivo  ( 10-14). 
The  SCF  receptor  (c-*ir )  is  c:tprcssed  on  hemopoietic  stem 
cells  and  progenitor  cells  in  the  he  'ic  marrow  (estimated  as 
ll.(l.^'■f  and  5't  o(  the  total  hone  martow  population,  rc- 
speciivelv ).  hut  not  on  mature  neutrophils  or  nucleated 
eryihroid  cells  ( U-lh).  Thus,  c-kii  provides  a  marker  for 
monitoring  changes  in  progenitor  populations.  Mice 
treated  with  Ah  to  c-air  displayed  i  loss  of  hemopoietic 
progenitor  cells  ( |.t) 

^^e  recenlh  demonstrated  that  Ah  to  S('F  hliKks  iL  I 
and  LPS-induced  r.'dioproicction  and  alvi  reduces  the  rc- 
siM.jncc  ot  untreated  mice  to  radiation  lelhalitv  (l*^)  lliis 
result  suggested  that  endogenous  S('F  may  he  the  penul- 
iimaie  mediaior  required  tor  radioproieclion.  To  lest  this 
hypothesis,  wc  lurttier  inxesligated  the  inleradion  of  IL-I 
with  SCI-  in  radioproieclion  In  this  report  we  present  re¬ 
sults  ih.it  show  that  ll  I  contrihules  to  S('F  radtoprotec- 
iion.  that  11.- 1  and  SCF  synergize  in  radioproieclion.  and 
that  this  synergx  may  he  based  in  part  on  IL-l-induced 
iiereas's  in  numbers  ot  tvine  marrow  cells  (BMC)  ex¬ 
pressing  c-kii.  which  suggesis  ihai  IL-I  generaies  rruire 
progenitor  cells  wnh  the  capacity  to  respond  more  effec¬ 
tively  to  SCF 

Materials  and  Methods 

Mice 

I  icoidlc  mice.  M  u»  10  Mkscild.  Mcrc  purchj>cU  Irom  The  idckM»n 
LitHiruUirv  (Bjr  Hdrhi>r.  Mbi  Mice  vkcre  handled  as  described  previ* 
t>usU  (n).  Adrcnaleciomized  mice  were  purchased  Irum  Charles 
River  Lahi>r;i(t)rtes.  The  e.xperimcnis  were  performed  within  2  w'k  after 
adrenalecinmx . 

Abs 

Rill  moniK'lonul  IgGI.  anii-lL'IR  Ab  (35F5).  and  anii-IL-b  (20F.3)  were 
generous  gifts  from  Dr.  Richard  Chizzoniie  (Hoffmann^Ut  RtK'he.  Nut- 
le\.  NJ)  and  Dr  John  Abrams  (DNAX.  Palo  Alio.  C'A).  respeclivelv  A 
rui  mAh  to  ^-galactosidase  (GL113)  was  used  as  a  control  The  polv* 
clonal  unii-munnc  SCF  Ab  was  generously  provided  by  Dr.  Douglas 
Williams  (Immunex.  Seattle.  WA).  Chromatographically  puriHcd  ral  IgG 
(Sigma  Chemical  Co..  Si.  Louis.  MO)  was  used  as  an  additional  control 
R-phyct>cryihrm  (R-PE)-con)ugated  ral  anti*mouse  c-Air  mAh  .3  Cl 
(IgG2b).  and  PE-conjuguted  rat  lgG2b  (control)  were  purchased  Irum 
PharMingen  (San  Diego.  CA). 

Treatment 

Human  rIL-l  (rHu  IL-la  II7-:7I  Ro  :4-.‘i()08  loi  IL  I  2/8K,  acliviiy 
.V  y  nr  U'm$)  waN  kindly  provided  hy  Dr.  Peter  Lumcdico  (HoSmann- 
La  Roche  I. 

Ral  PEG-SCF  was  prepared  and  coupled  with  polyethylene  glycol  and 
was  kindiv  provided  hy  Dr.  Ian  McNiece.  (Amgen.  Thousand  Oaks.  Cat. 
PEG  was  used  as  a  control  tor  ils  nonspecific  effect  as  a  radiuproiecior. 
G-CSF  was  provided  hy  Amgen,  and  IL-6  (SDZ  28()-%V.  Batch  PPG 
UOOI;  SA  .V.2  y  !!•'  U/mg)  was  a  generous  gift  from  Dr  E.  Liehl  (San- 
doz.  Vienna.  Austria).  The  Abs  and  recombinant  cytokines  were  diluted 
in  pyrogen-tree  saline  on  the  day  of  injection.  Abs  or  control  Ig  were 
given  i.p.  b  lo  20  h  before  i.p.  injcclion  of  .‘t  jigymouse  of  SCF.  Mice  were 
also  irealed  with  I  fig  mouse  of  IL-1.  .3  /ig'mouse  ot  SCF.  or  the  com- 
binaiion  ihcreot.  before  or  after  irradiation. 


Irradiation 

Mice  were  randomized,  placed  in  veniilaled  Plexiglass  conlainers,  and 
bilalcrally  irradiated  using  the  AFRRI  "'Co  whole  hods  itradiaior.  Beloie 
irradiating  ihe  mice,  itie  midhne  tis.sue  iMLTtdose  rale  was  measured  h\ 
placing  a  0  5-cc  tissue  equivalent  in  Ihc  lonizalion  chamhei  icalibralion 
•xcior  iraceahic  lo  ihe  Nalmnal  tnsiiiuie  ot  Standards  and  lechnologv  l  ai 
If*  center  ot  2. .'-cm  diameter.  cylindric.il  acrvlic  mouse  phantom  The 
iissue-io-air  ratio  (TARl.  ikwi,-  ralio  was  ii  Or,,  and  Ihe  tield  was  unilortn 
lo  within  j  .SO  Exposure  lime  was  adjusieJ  vi  lhai  each  animal  leccn  cJ 
•he  spreihrd  dose  ai  a  tixed  MLT  d»)s*  lale  ol  ii  a  (n  mm  IXisimeiriv 
mcavuiemcnis  were  made  in  accordance  with  ihc  -Xmciican  AssiKijiinn 
ol  PhvsK's  in  Medicine  priMoctil  |oi  the  Jrlcnnmaiion  ol  abMuN-d  Jos.- 
•torn  high-energs  phiXon  and  eledron  beams  The  number  ol  sums  me 
mk'c  wax  rccotiicd  Jjilx  f«n  da%x 

F’\tS 

BMl  <»cfc  tibtainrd  bk  ffuvhtng  ftmufv  int«*  KPMI  mi  Ju  k.mtjinini:  <  , 
H  S  Altci  wjxhing.  tcllx  Wftc  and  ft  vuxpxnJi j  m  DulSxvo  % 

PBS  with  2''*  he  S  at  the  oHWcnitjiKkn  III  2  »  hi  ml  (  xllx  ^tre  vUmvJ 
tm  .31)  min  wnh  iigml  of  either  Pt>coniugjicJ  jnii-murtru  v4<f  Ab 
I  <  ll**r  Pt-Loniugjied  lgl.>  Fhe  kclK'xcre  ujwht  j  md 

revuxjiffvlcd  .n  I  ml.d  U  S Dulbcwt.  PBS  The  pcutnijci 

cells  were  sikuljled  hk  siibtracttng  ihe  prisertj^v  id  vi'IU  sijimo  M iih 
conirol  Ab  ItiHTi  priceniagf  ol  cells  stained  with  I -Co  \h  In  i  spuimeni. 
in  which  tvme  manow  cells  Irorn  irraJiaicJ  mice  wcic  cv.iluaiid  uch 
griwip  cxxisislcd  ol  a  pool  Irom  eight  lemur-  .u  I  J.ii  iD-  li  and  la 
lemurs  al  4  (lavs  (D*ai  alter  irradijlion  '.(•rmal.  iioniriaOiaivd  mi-c 
weir  examined  mdividuallv  wish  fxx'Is  ol  cell-  Horn  Isuh  tcmui- 
ImmunoAuvuesccncc  analvsis  was  rerlormi.d  wiin  an  I  PK  b  1 1 1 1 1 
Now  cvlomeler  iCoullci  (  Momeitv  Miami  1 1  »  UAine  hiuMriihmik  jm 
plihvatHin  RBl  s.  platekls.  and  debris  were  evelbdid  Irum  ihc  jnjiksix, 
on  the  basis  of  hghi  s<*aitrr  ctiieru  Twenik*h\e  ih»»usjnd  cells  were 
counted  tor  exh  )iistt»gram 

$Cf  btndtnfi  to  BMC 

Sfousc  rS(T  was  lodmaicd  bk  ihe  chloramine  1  mcihtHJ.  vshich  kidded 
F  preparations  with  sp  jcj  *»l  jpprovmuidv  2h  *i(  »  Mg  pr«»iein 
BMCf5  ^  llT|  were  disinbuird  induni*cjie  tppk-njorJ  luhss sonijinmg 
20(1  Ml  binding  medium  iRPMI  IfOri.  :>  mM  Ml  1*1  S.  I  I4SA.  HMS'. 
MMJium  a/idri  and  I)  S  ng  ''  I  SCI  k.orresponJing  i»*  jppi(<Mmaidk  lo' 
cpm.  Parallel  duplicair  lubes  eonijineJ  ihe  -fiMi'lold  excess  ot  unlahelcJ 
SCF  The  cells  were  incubjicd  jl  4’C  osernighi.  under  rtMjiion.  .tnd 
cenirituged  through  a  III*'.  sucrkksC'PHS  cushitm  T'he  lips  oi  the  luKs 
with  cell  pelleis  we'^e  rvmovcd.  and  the  radiojctik ii\  was  measured  ii>  .i 
gamma  counicr  (Gamma  4lH).  Beckmari  Insiruments  I  ullerion.  C  Ai 
Nonspec'ilic  binding  determined  in  ihe  presence  ol  untjbeied  S(  I  was 
subtracted  from  loial  binding  ui  iibtain  spe’cific  binding 

For  Mcadv-Maie  binding,  cells  were  incuhaied  in  duplic.iie*  wnh  dil 
Icreni  conceniraiiuns  of  '•  l•(nunne  SCF  Muichinc  replicates  .iIm»  con- 
lamed  a  lIMbfoldexccscol  uniabeled  ligand.  The  radioaciiMik  jsviciaieil 
wiih  cell  pellets  was  measured  as  in  siandard  binding  jssjks  h»  esiimaic 
Ihe  binding  sues  per  cell  and  Ihe  A,,  salucs.  a  nonlinear  regrcssu.n  cal- 
culjljon  was  used  1 18)  In  all  cases,  complete  scis  ot  dala  generaled  in  ihe 
assuvs  were  used  in  the  analysis.  Scatchard  plots  were  reformatted  pre- 
sentaiH>ns  of  nonlinear  regression. 

RNA  extraction  and  Northern  blot  analysis 

BMC  culiccied  from  six  femurs/group  were  pelleted  and  total  cellular 
RNA  was  isolated  hy  acid  guanidine  Ihiocyanale-phcnol-chlurolorm  ex- 
rraciion  according  lo  Chomezynski  and  Sacchi  (Id).  RNA  was  separiicd 
by  electrophoresis  on  IT  agarose  and  transferred  onio  a  Hybond-N  (Am- 
eisbam.  Oakville.  Canada)  membrane  for  Northern  blot  analysis.  Mem¬ 
branes  were  prehydriled  for  4  h  in  a  mixiure  containing  120  mM  Tris.  8 
mM  EDTA.  O.IT  NaPP.  0.2T  SDS.  and  ItX)  )tg/ml  heparin.  Hybridiza¬ 
tion  was  conducted  overnight  al  68*C  in  prehyhndization  buffer  contain¬ 
ing  625  )ag/ml  heparin  r.nd  lOT  dextrin  sulfate.  The  murine  c-*i(  probe 
was  a  3710-bp  £roRl-Hind31  insert  of  Ihe  c-*ii  cDN.A  clone  pGEM3 
(c-ift(3)  and  the  human  superoxide  dismulase  probe  was  a  O.l-Kb  Psl\ 
insert  of  Ihe  SODI  cDNA  clone,  pSP  64  cSOD  The  c-hi  probe  was 
further  fragmented  with  Drul-Accl  and  Ihe  fragments  were  labeled  using 
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Table  I.  Efect  ofanti-IL-1R  Ab  on  SCF-induced  radioprotection' 


Treatment 

Dead/Tested 

%  Survival 

Saline 

30/30 

0 

Saline  +  SCF 

11/30 

63 

Rat  Ig  +  SCF 

12/33 

64 

Anii-IL-IR  +  SCF 

24/32 

25* 

B6D2K1  mice  received  100  anti*IL*1  nh  or  rat  IgG  6  h  before 

administration  of  3  ^g^mouse  of  SCF  Twenty-tour  hours  later,  mice  were  ir¬ 
radiated  with  1050  cCv  *^'Co  source.  The  30-day  survival  of  mice  receiving 
anti-IL-1  R  Ab  and  SCF  was  signficantly  lower  (*  indicates  p  <  0.00!)  than  that 
of  c'^nirol  saline  and  rat  Ig-pretreated  SCF-radioprotected  mice. 


a  multiprtmc  I)NA  hihcling  system  (Amcrshim).  with  (a-’^PldCTP  <^p. 
aci  vVMNi  ( •  mM.  .Amcrshum)  The  membranes  were  then  washed  once 
.It  rtHini  icmpcfjiutc  lor  mm  in  2X  SSC.  0.1^  SDS  at  68*C  for  60 
min  and  then  rinsed  at  riHim  temperature  with  O.IX  SSC.  The  mem- 
br.im.^  were  exposed  to  Kodak  XAR‘5  Aim  (Eastman  Kodak.  Rochester. 

)  with  inien\it\inp  screens  at  -MPC.  Sipnal  intensity  was  quantified 
h\  densiiomeirs  using  a  Pharmacia  l  .KB  Ultrascan  XL  (Pharmacia.  Can- 
.id. 1 1  As  j  control  lor  KN  A  iniccriis .  hints  were  rehyhridized  with  a  t-kb 
f\ifl  <.1)NA  prntK-  < American  Yissue  Culture  Collection.  Rockville.  MD) 
oi  ihi-  housekeeping  gen^  k'lscefaldehsdc  phosphate  dehydrogenase 
((•APDM) 

C'SF.  IL-h  tind  nhrma^t^n  iissax's 

l  irculaiinc  {  M  and  U  were  dcietrr.ined  in  the  sera  of  mice  bled  2  to 
^  h  after  treatment  with  il  I  or  SCF.  as  prevtousK  desenhed  (2(1).  Fi- 
hiitiogen  W4^  Oetermined  in  the  cttraied  plasma  ot  such  mice  hied  IK  h 
.liter  tieaimeni  ihe  rale  ot  otnserMon  ol  tihrinogen  to  Abrin  in  the 
pivsenee  ot  exeesv  thrombin,  using  a  Sigma  Chemical  Company  Dug- 
DosIk  Kd 

.SMf/yf/(,)/  ,KM/\s/s 

St.iiiMK.il  esalu.iiion  ot  the  results  was  conducted  using  analysis,  pro- 
hit  .malssiN.  and  an.iisMs  oi  >ariance  lollowed  by  a  Bonlemmi  cstrrected 

riesi 

Results 

Ertfct  or  ,inti-IL-tR  Ab  on  SCF  radiaprotection 

To  c.xuminc  whcihcr  endogenously  produced  IL-1  contrib¬ 
utes  to  SCF-induced  radioproiection,  mice  were  ireated 
with  ItHi  mouse  oi  anii-IL-IR  Ab.  rat  IgG  a!  an  equiv¬ 
alent  dose  <u  sulme.  and  h  h  later  with  a  single  dose  of  3 
mouse  PECi-SCF.  Whereas  at  a  dose  of  l.O.StI  cGy  of 
radiatKtn.  (i.T'f  of  saline  preirealed  and  of  IgG  pre- 
ireaied  mice  were  protected  from  death  by  SCF.  only  25*^ 
ot  mice  receiving  anti-IL-IR  Ab  and  SCF  survived  irra¬ 
diation  (Table  I).  Thus,  although  anti-IL-lR  Ab  did  not 
entirely  abolish  Ihe  survival-enhancing  effect  of  SCF,  it 
reversed  the  protective  effect  by  4()‘T.  indicating  that  IL-I 
contributes  to  radioproiection  of  SCF-trealed  mice. 

filer  (  ot  iinti-IL-l  and  anti-lL-b  Abs  on  survival  ot 
anti-SCF  Ab-treated  rnice 

Our  previous  work  showed  reduced  incidence  of  survival 
after  LD  5(l'.3()  (S75  cGy)  irradi.ition  of  mice  treated  with 
anti-SCF.  anii-IL-lR.  or  anti-IL-b  Abs  (6,  7).  To  evaluate 
the  contribution  of  endogenous  IL  1  and  lL-6  in  addition 
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FIGURE  1.  Abs  to  IL-1  R  and  IL-6  iurther  reduce  survival  ot 
anti-SCF  Ab-treated.  irradiated  mice.  Groups  ol  B6D2F1 
mice  (16  to  26  per  group  in  two  to  three  separate  experi¬ 
ments)  received  rat  IgC,  1 :10  dilution  of  rabbit  preimmune 
serum,  1:10  and  1:20  dilution  of  rabbit  anti-SCF  Ab,  or  the 
combination  ot  anti-SCF  Ab  with  100  fig/mouse  ot  anti-IL-1  R 
Ab  and  600  nfi^moux  ot  anti-IL-6  Ab  (as  indicated).  The 
mice  were  exposed  a  day  later  to  a  sublelhal  7S0  cCy  dose 
*"Co  irradiation  (LD50/30  =  866  cCyl.  The  surviyal  ot  mice 
that  received  the  combination  of  Abs  was  significantly  lower 
tp  <  0.01)  thin  that  of  mice  treated  with  anti-SCF  alone. 

to  SCF.  mice  were  given  the  Abs  in  combination.  The 
results  in  Figure  1  indicate  that  addition  of  anti-IL-IR  and 
anti-IL-b  Abs  further  reduced  survival  significantly,  ai 
nonlethal  750  cGy  irradiation  of  anti-SCF  Ab-treated  mice 
suggesting  that  IL-1.  IL-b.  and  SCF  are  mutually  interde¬ 
pendent  in  protecting  mice  from  lethal  irradiation. 

Eieci  of  combinations  of  IL'  1  and  SCF  in  protection 
irom  lethal  irradiation 

The  observed  codepcndencc  of  SCF-  and  !L- 1 -induced  ra¬ 
dioproiection  led  us  to  examine  the  effect  of  their  com¬ 
bined  administration  on  survival  of  KTadiatcd  mice.  We 
chose  the  doses  of  3  pg/mouse  of  jCF  and  1  pg/mouse  of 
IL-1.  because  5  pg  of  SCF  and  3  pg  of  IL-1  conferred 
identical  protection.  Results  in  Figure  2  diKumcni  that  a 
single  injection  of  both  cytokines  IK  h  before  irradiation 
resulted  in  synergistic  radioproiection  at  12(M)  to  I3(N)  cGy 
doses  of  radiation.  Whereas  the  control  saline-trcaicd  mice 
had  an  LD5()/3(I  oi  8bb  cGy  (955^  confidence  limits:  82K 
loKKK).  IL-l-trcated  LD,50/3t)  of  l(M)9cGy  (991  to  1034). 
and  SCF-ircaicd  mice  LD50/30  of  110b  cGy  (1048  to 
1 194).  amt  the  combination  of  the  two  cytokines  resulted 
in  an  LD50,'30  of  1273  (1248  to  1317)  cGy.  Administra¬ 
tion  of  both  cytokines  48  or  4  h  before  or  1  h  after  irra¬ 
diation  (Table  II)  had  either  a  greatly  reduced  effect  (at  4  h 
before)  or  no  effect  (at  48  h  before  or  1  h  after).  As  was  the 
CB.ic  with  IL-1.  SCF  given  alone  48  h  before  or  1  h  after 
inadiation  did  not  afford  significant  protection. 

The  radioprotective  effect  of  SCF  was  not  associated 
with  the  induction  of  early  or  late  acute  serum  proteins 
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FIGURE  2.  Effect  of  treatment  with  IL-1 ,  SCF,  or  their  com¬ 
bination  on  survival  of  B6D2F1  lethally  irradiated  mice.  Mice 
received  i.p.  1  Mg  IL-1 .  3  mH  SCF.  their  combinations,  or  sa¬ 
line;  and  18  h  later  received  ""Co  radiation  in  doses  indi¬ 
cated.  Survival  was  recn^ded  daily  for  30  days  and  plotted 
using  probit  analysis.  The  numbers  indicate  the  number  of 
mite  (XT  given  treatment. 


Tattle  II  Sun  njl  percen/jge  or  mice  receiving  IL-I  and  SCf 
irejimeni  berore  jnd  aner  irr  idiJimn 


TfiMtn>cnl 

48  h  Bvotp 

4  h  B^torv 

]  h  Anet 

MKM)  t(.\ 

\a\)  cGv 

1050  oGv 

1000  cCv 

saline 

i) 

0 

0 

0 

ll-l 

0 

25* 

10 

0 

SCF 

0 

19* 

0 

0 

SCF  -  IL-1 

0 

75* 

0 

0 

''8bUjri  micella  to  lb  mire  per  iiroupi  were  odminiilered  i.p.  I  iigor 
11'  I .  )  fiK  oi  SCF  or  their  rombiiuiion.  beiore  or  jtter  irredietion  Survival  ot 
mice  was  recorded  daily  tor  JO  daw 

r  Siiiniiicantlv  lower  ip  <  0  01 1  than  survival  otnained  with  8-h  prefreat- 
meni  isee  Fijj  Ji 


Table  III.  Compimon  of  IL  I  jnd  SCF  tor  irtduction  of  CSF.  IL-b. 
and  lihnno/ten'' 


TtMlment 

fihnnog<>n 

CSF 

tU/mh 

IL-b 

iPOImll 

Saline 

20J  b  t  4 

<20 

<50 

IL-I 

384  0  i  16* 

2511  i  386* 

1600 

SCF 

tea  0  i  » 

<20 

<20 

"  Mite  received  i  p  I  tupmouseol  II- 1  5  eMt'moute  SCF.  or  saline  iconiroli 
and  were  bled  to  I  h  later  to  determine  CSF  a.hd  ll-b  or  18  h  later,  tor 
librinosten  determination 

'  l>  0  01  compared  to  control. 


such  as  IL-6,  CSF,  or  fibrinogen,  all  of  which  are  induced 
with  IL-t  (Table  III).  Similarly.  SCF  ircaimem.  in  comrasi 
with  IL-1,  did  not  up-regulaie  the  mRNA  for  MnSOO 
(Fig.  3). 

Determination  of  changes  in  c-kit  expression  by  BMC 

Both  IL-I  and  SCF  were  reported  to  induce  BMC  cycling 
and  increases  in  progenitor  compartment  (2  22)  Such 

changes  should  be  reflected  in  increased  numbers  of  c~kir* 


Saline 

IL-1 

SCF 

MnSOD. -► 
0.5  Kb 

• 

MnSOD. -► 
4.8  Kb 

*  % 

GAPDH  -► 

FIGURE  3.  IL-1,  but  not  SCF,  induces  MnSOD  gene  expres¬ 
sion.  Croups  o(  mice  (4  micefgroupi  received  i.p  I  mk  IL-I.  3 
fig  SCF,  or  saline.  BMC  were  obtaiiied  4  h  alter  inieciiont.  isee 
Materiak  and  Methods  for  details  ot  proceduresi. 


Table  JV.  The  eiect  oi  treatment  ot  mice  vvifh  c  vfoiLimH  on  thi* 
recovery  nt  c^kit*  BMC  arter  r(W  trradiaiion-' 


Trvaimvni 

Dav  0 

Di*  •  1 

l).n  *4 

C‘4if‘ 

crilvdemur 

IX  10'' 

iHk  »rmwi 

■  9  |i)*> 

«  kll 

t  ifftHjr 

•  h»* 

Saline 

2.6  ?  1  4 

2  0:01 

0  1:01 

IL-I 

J.b  i  18 

b.O  :  1  4‘ 

1  9  :  0  '*'■ 

SCF 

2  0*02 

2.5 

5  *  :  15* 

It-l  -V  SCF 

2.3  i  1  3 

9  4:  0  8** 

12  0:  2  0” 

*  M«cf  I  p  I  ol  II  •  I  I  iM  ^  f  .ilttnc  ui  >n 

co«ribinaiion.  or  Mhnr  and  m  h  lalpr.  li^av  ’"Co  mjiliJtiim  HNU  >\rri- 
oblainedtromunirradiaifd  micr  iDOi  and  ai  I  dav  .tnri  4  d.ivx.  jm>r 

Rroupol  mire  ron$i%ied  oi  a  pool  ni  ei»tht  lemurs  tC)  n  ()  •  !■  .iml  I4 
femun  tD  ♦  4)  The  result  are  ihc  mean  t  SD  Lit  fv%i>  Ihi* 

noin^fi  o*  L-kit*  tells  were  sinniluanilv  hiuhrr  ihjn  tn  ionlrul 
mice 

"p*  0.063  0  05  ••/><  OUI 


BMC,  as  c-kit  is  expressed  on  stem  cells  and  all  immature 
progenitors,  but  not  on  mature  neutrophils,  nucleated  eryth¬ 
rocytes.  or  macrophages  (13.  14).  To  determine  whether 
treaDnem  with  cytokines  before  radiation  results  in  an  im¬ 
proved  survival  of  progenitor  and  stem  cells,  FACS  analysis 
was  used  to  compare  the  numbeis  of  c-kir  BMC  from  cy¬ 
tokine  and  saline  control-treated  Ictlially  irradiated  mice.  As 
shown  in  Table  IV,  BMC  obtained  bom  IL-I-,  SCF-  or 
lL-1  4-  SCF-treated  mice  1  day  after  lethal  (LD  100/30)  ir¬ 
radiation  (950  cGy)  had  increased  numbers  of  surviving 
c-Ur  ceUs  compared  with  control  saline-treated  mice.  At  4 
days  after  inadiatkm,  with  progressive  kiss  of  total  nucleated 
BMC,  these  differences  became  more  striking,  v.'ith  IL-l- 
treated  mice  showing  a  sixfold  increase,  SCF-treated  mice, 
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Table  V.  Effect  oi  treatment  of  mice  with  IL-1,  SCF  alone,  or  the 
ftvo  in  combination  on  specific  binding  of  '■‘^l-SCF  on  BMC'’ 


Treatment 

4  h 

tOh 

24  h 

48  h 

IL-1 

47% 

65% 

26.5  i  0.5% 

62  £  2% 

SCF 

ND 

ND 

32,5  £  4,5% 

63  £  18% 

IL-1  -r  SCF 

ND 

ND 

67  £  11%* 

105  £  30%* 

■“  Mice  received  cytokines  as  specified  in  Table  IV,  BMC  were  treated  as 
specified  in  Materials  and  Methods.  The  results  are  expressed  as  percentaRe  of 
specific  bindinR  above  that  of  specific  binding  of  control  BMC.  Each  experi- 
menlal  group  consisted  of  four  mice.  The  results  tor  24  and  48  h  are  the 
mean  :  SO  of  two  separate  experiments. 

*  Statistical  comparisons  at  24  and  48  h  for  each  of  the  sum  of  specific 
funding  toi  IL-1  and  SCf  with  that  tor  the  combination  treatment  do  not  refect 
iji  •Oil  ihc  hyfiolhesi'.  that  the  treatment  efects  are  additive. 


Table  VI  T/ie  effect  oi  adrenalectomy  on  specific  binding  of  '‘‘f- 
scf  on  HMf  of  It- 1  -  ss  saline-treated  mice" 


'itilini' 

IL-1  (0  1  Mft) 

%  Increase 

ADS  1 

2867 

178 

ADS  II 

1472 

70 

Sh.mi  -VlIV 

1455 

33 

'  It  mti/iNl  I  AO\  III  or  shJrT>*adr9nAlectomti«d  mic^ 

iiiuji  itiK  «•  (HO  ur«>u{i>  «Mv*sl  ip  OP  IL-1  iniecItonA  Ar>d  BMC  w«re 

iilil.iiixtl  4  ii  |,|ir'  iiir  the  siYVrU 

*  iiii  hindinK  h  pm>  c  jl(  ulau*<t  a)''  indicdlfd  in  Marpp««)/.%  dnd M^hods 
hit  ( orniKiiivir>  s(*t  labU'  ^ 


un  approMniiiivIv  2li-told  increase  and  IL-1-  and  SCF-ireated 
mice,  a  4ii-|old  increase  in  c-kti '  BMC  per  femur,  relative  to 
saline  cunirtil.  Because  the  nadir  in  the  BMC  number  occurs 
at  T  dass  alter  inadiation.  these  results  suggc.st  that  a  sub- 
siantiall>  ureafer  number  of  c-kit'  BMC  survive  lethal  doses 
ot  radiation  in  mice  preircaied  with  IL-1.  SCF.  or  their 
combinations. 

Kepculed  aiiempis  to  establish  that,  in  normal  unirradi- 
aied  mice,  trcaimeni  with  IL-1.  SCF.  and  their  combina¬ 
tion  results  in  increased  numbers  of  c-kit'  BMC  within 
24  h.  were  not  suc.esstul.  This  may  be  a  result  of  an  in¬ 
crease  in  itnlv  a  small  cohort  of  BMC,  i.e.,  selected  pi>p- 
ulations  ot  earls  progenitor  cells 

titect  ot  IL-1  on  SCF  bindinfi  by  BMC 

Therefore,  we  have  examined  the  changes  in  c-kii '  BMC 
by  evaluating  SCF  binding  to  such  cells.  A  binding  as.say 
ot  radiolabeled  ligand  provides  a  sensitive  means  of  as¬ 
sessing  changes  in  the  numbers  and  afliniiy  of  receptors. 
Administration  ot  I  ^g^mousc  of  IL-1.  a  dose  used  in  a 
combined  IL  l/SCF  radioprotective  treatment,  increased 
binding  of  radiolabeled  SCF  (Table  V).  In  contrast  with 
our  previous  observation  that  IL-1 -induced  up-regulation 
of  IL-IR  on  BMC  was  mediated  by  corticosteroid  and  G- 
eSF  (2.T).  G-CSF  in  doses  ranging  from  0.3  to  5  ^g/mouse 
did  not  up-regulaie  SCF  binding  (results  not  shown),  and 
adrcnalectomizcd  mice  did  not  differ  from  normal  mice  in 
up-regulaiion  of  SCF  binding  in  response  to  IL-I  (Table 
VI).  Furthermore,  treatment  with  dexamethasone  at  2  and 
III  /ig/mouse  did  not  affect  SCF  binding  on  normal  BMC 


(data  not  shown).  SCF  treatment  resulted  in  similar  in¬ 
creases  as  IL-1  in  '^I-SCF  binding  on  BMC.  and  the  com¬ 
bined  treatment  of  IL-1  and  SCF  resulted  in  an  approxi¬ 
mately  additive  effect  (Table  V). 

Scatchard  analysis  performed  with  normal  cells  and 
cells  from  mice  treated  for  10  and  48  h  with  IL-1  showed 
increases  of  25  and  50%.  respectively,  in  the  number  of 
receptors/cell  with  no  change  in  affinity  (Fig.  4).  Previous 
reports  determined  two  affinities  (10"  "  A.j.  and  A'j) 
for  human  c-fti'r  receptors  (24.  25).  However,  in  our  study 
only  one  affinity  (10“''  K^)  receptor  can  be  detected  on 
murine  BMC.  Although  the  results  are  expressed  as  num¬ 
bers  of  receptors  per  cell,  we  actually  determined  an  in¬ 
crease  in  total  numbers  of  receptors  on  populations  of 
BMC.  Because  less  than  5%  of  BMC  express  c-kit  recep¬ 
tors.  and  the  number  of  receptors  decreases  with  BMC 
lineage  differentiation,  we  could  not  distinguish  whether 
such  an  increase  reflects  greater  numbers  of  cells  with  high 
or  low  recep'  r  expression  or  the  combination  of  the  two. 

ELfecI  of  IL- 1  treatment  on  c-kit  gene  expression 

To  determine  that  the  up-regulation  of  SCF  binding  on  the 
IL-1 -treated  BMC  was  associated  with  increased  c-kil 
gene  expression,  a  Northern  blot  analysis  was  performed 
to  compare  mRNA  for  c-kit  in  saline  with  that  of  IL-1- 
treated  BMC.  Results  (Fig.  5)  demonstrate  that  IL-1  in¬ 
duced  duse-dependent  increases  in  c-kn  mRNA.  which 
could  be  detected  within  2  h  of  IL-1  treatment  and.  which 
peaked  at  b  h.  In  contrast,  trealmcnl  with  IL-b  did  not 
up-rcgulate  c-kit  gene  expression  (Fig.  h). 

Discussion 

Our  previous  studies  using  Abs  li>  SCF  and  IL-IR  sug¬ 
gested  that  endogenous  production  of  btilh  cytokines  is 
required  to  protect  mice  treated  with  LPS  or  IL-1  from 
lethal  radiation  (17).  This  study  further  establishes  that 
rauioproieclion  with  SCF  requires  the  participation  of  IL-1 
(Table  I)  and  that  IL-I  and  SCF  protect  synergistically  at 
12(1(1  to  1.300  cGy  doses  of  radiation  (Fig.  2).  This  syner¬ 
gistic  protection  is  evidenced  by  an  increase  in  the  per¬ 
centage  of  mice  surviving  doses  ol  radiation  over  45% 
greater  than  LD  l(H)/.30. 

There  is  considerable  evidence  that  administration  of 
IL-I  induces  an  increase  in  numbers  of  progenitor  cells. 
We  and  others  previously  observed  that  IL-I  increased 
cycling  of  hemopoietic  progenitor  cells  and  progressively 
increased  proliferative  expansion  of  myeloid  progenitor 
cells  in  (he  marrow  from  b  to  48  h  (21,  2b,  27).  In  a  more 
recent  study.  Hestdal  el  al.  (28)  demonstrated  that  IL-1 
treatment  of  mice  results  within  24  h  in  a  flvefold  up- 
rcgulation  of  HPP-CFC  and  twofold  to  threefold  up-reg- 
ulation  of  CFU-c  when  grown  in  the  presence  of  GM-CSF 
or  IL-3.  In  this  study,  we  found  a  50%  increase  in  tran¬ 
scription  of  c-kit.  a  phenotypic  marker  of  progenitor  cells, 
and  a  50%  increase  in  SCF  binding  as  early  as  2  and  4  h. 
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Bound  (Imol/l  mMan  o«<i*) 

FIGURE  4.  Binding  of  '*’'l-SCF  to  murine  BMC  Cells  (5  x 
to*')  in  200  mI  of  binding  medium  were  incubated  in  dupli¬ 
cate  with  diEerent  concentrations  of  '■'’l-SCF.  Matching  rep¬ 
licates  also  contained  100-told  of  unlabeled  SCF  Receptor 
number  SiRi  and  A,,  values  were  analyzed  as  described  in 
Mareria/s  and  Methods.  Scatchard  plots  trom  one  of  two  ex¬ 
periments  with  virtually  similar  results  represent;  Pane/  ai 
BMC  obtained  from  untreated  mice;  bi  BMC  from  mice 
treated  with  IL-1  (1  pg/mousei  after  10  h:  cl  BMC  trom  mice 
treated  with  IL-1  after  48  h. 


respectively,  after  IL-1  treatment.  These  results  are 
strengthened  by  the  equilibrium  binding  studies  with 
SCF,  which  show  that,  within  10  h  after  lL-1  treatment, 
BMC  express  25%  more  c-kit  receptors.  Despite  such  in¬ 
creases  in  c-kit  expression,  a  significant  increase  in  num¬ 


bers  of  c-kit*  BMC  was  not  observed  by  FACS  analysis. 
Taken  together,  our  results  suggest  that  the  observed  in¬ 
crease  in  binding  sites  may  occur  on  progenitor  cells  ex¬ 
pressing  more  receptors. 

The  stimulating  effects  of  IL-1  on  progenitor  cells  and 
hemopoiesis  may  contribute  to  its  radioprotective  effects. 
The  hemopoietic  effects  may  depend  in  part  on  the  ability 
of  IL-1  to  induce  hemopoietic  IL-6  and  CSFs  (29,  3U).  In 
addition.  II- 1  induction  of  the  scavenging  mitochondrial 
enzyme.  MnSOD  in  BMC  (Ref.  31.  and  confirmed  in  our 
study),  and  its  ability  in  vivo  to  induce  BMC  to  enter  u 
relatively  radioresistant  S  phase  of  cell  cycle  (21).  should 
contribute  to  radioprotection.  Most  recently.  Zuculi  et  al. 
have  shown  that  in  vitro  treatment  with  IL-1  of  male 
mouse  BMC  and  irradiation  results  in  greater  survival  than 
treatment  without  IL-1.  of  short-term  and  long-term  re¬ 
populating  stem  cells  transfened  to  female  mice  (321. 
These  results  clearly  document,  for  the  first  time,  the  direct 
radioprotective  effects  of  IL-I  on  hemopoietic  stem  and 
progenitor  cells.  In  our  study.  1  day  after  lethal  irradiation 
the  total  number  of  c-kii*  BMC  in  the  femurs  of  IL-I- 
Ireated  and  IL-1-  and  SCF-treated  mice  were  threefold  and 
fivefold  greater,  respectively,  than  that  in  control  saline- 
treated  mice.  This  provides  evidence  that  in  vivo  IL-1  ac¬ 
tually  has  the  capacity  to  induce  increases  in  numbers  of 
progenitor  cells  surviving  lethal  irradiation. 

As  with  IL-1,  SCF  treatment  of  mice  given  in  two  in¬ 
jections  before  irradiation,  increased  the  numbers  of  sur¬ 
viving  mice  concomitant  with  hemopoietic  recovery  evi¬ 
dent  within  6  to  10  days  after  irradiation  (33).  Our  work 
confirms  and  extends  these  findings  by  demonstrating  that 
even  a  single  injection  of  SCF  is  highly  radioprotective. 
However,  as  shown  in  this  report.  SCF  does  not  induce 
production  of  hemopoietic  growth  factors  (CSF).  IL-(i. 
acute  phase  response,  or  MnSOD.  all  believed  to  contrib¬ 
ute  to  radioprotection  by  IL-1.  Despite  this,  multiple  doses 
of  SCF  in  several  previous  reports  (22.  .34.  3.3)  and  a  single 
injection,  as  shown  in  this  study,  induce  hemopoietic  ex¬ 
pansion  Because  tn  multiple  repons  SCF  was  shown  to 
require  costimulatory  addition  of  CSFs  to  induce  in  vitro 
proliferation  of  hemopoietic  colonies,  it  is  likely  that  these 
growth  factors  are  available  in  sufficient  supply  in  vivo  to 
allow  hemopoietic  expansion. 

In  contrast  with  IL-1  and  SCF.  well-known  hemopoietic 
cytokines,  such  as  G-CSF  and  IL-6.  promote  in  vitro  ex¬ 
pansion  of  hemopoietic  cells,  yet  their  in  vivo  hemopoietic 
effects  as  shown  here  and  elsewhere  (36)  are  much  more 
limited  than  these  of  IL-1  or  SCF.  Possibly  this  is  because 
IL-6  and  G-CSF  do  not  cause  an  increase  in  the  expression 
of  c-kit  by  BMC.  In  fact,  hemopoietic  growth  factors  IL-3 
and  GM-CSF  are  reported  to  actually  down-regulate  the 
expression  of  mRNA  for  c-kii  on  mast  cells  and  progenitor 
cell  lines  (37),  which  is  consistent  with  the  role  of  these 
factors  in  promoting  differentiation  of  progenitor  cells. 
These  contrasting  in  vivo  and  in  vitro  hemopoietic  effects 
support  the  fundamental  importance  of  IL-1  and  SCF  in 
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FIGURE  5.  Effect  of  treatment  with  IL-1 
on  c-kit  gene  expression.  Panel  a)  mice 
were  treated  with  0.1  and  1 .0  pg/mouse  of 
IL-1  or  saline  and  4  h  later  BMC  were  har¬ 
vested  lor  Northern  blot  analysis.  Panel  b) 
BMC  from  mice  receiving  1 .0  pg/rrwuse  of 
IL-1  were  assessed  at  different  times  for  c-kit 
mRNA  expression.  Each  group  represents  a 
p<x)l  of  BMC  from  tour  mice. 


B 


Tim*  after  IL-1  Iniactlon  (hrs) 


Treatments 

FIGURE  6.  Comparison  of  treatment  of  IL-1  vslL-6onc-fc/r 
gene  expression  Mire  were  treated  with  1  /ig  of  IL-1  or  2  ^g 
of  IL-b  or  saline  and  BMC  were  recovered  4  h  later  for  North¬ 
ern  blot  analysis.  Each  group  represents  a  pool  of  four  mice. 


comitogen  on  multilineage  ceils  (10-14)  and  that  Ab  to 
SCF  increases  lethality  of  irradiation  to  mice  (17)  provide 
strong  evidence  that  SCF  is  required  for  the  regeneration 
of  hemopoiesis.  If  such  were  the  case,  however,  merely 
supplying  SCF  after  irradiation  should  suffice  for  this  ef¬ 
fect.  Yet  SCF  administration  at  1  h  after  irradiation  (Table 
II)  did  not  result  in  significant  radioprotection.  Thus  a  lag 
period  similar  to  that  required  for  IL- 1  is  also  required  for 
radioprotection  with  SCF.  Such  results  would  suggest  that 
the  increase  in  numbers  of  progenitor  cells  in  the  BM  be¬ 
fore  irradiation  may  account  for  the  observed  increase  in 
resistance  to  radiation  conferred  by  these  two  cytokines. 
However,  the  findings  that  the  radioprotective  effect  of 
lL-1.  SCF,  or  their  combination  cannot  be  demonstrated 
48  h  after  their  administration  (Tabic  II),  despite  a  pro¬ 
gressive  increase  in  numbers  of  progenitor  cells,  suggest 
that  either  differentiation  of  these  cells  or,  as  previously 
suggested  (21.  3.T).  a  particular  phase  in  their  cycle  con¬ 
tribute  to  radioprotection. 
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